Abstract: The structurally intriguing [4]-and [5]triangulanes have been prepared in enantiomerically pure form. Their surprisingly high specific rotations are well reproduced by DFT/SCI computations and stem from the fact that these hydrocarbons essentially are σ-helicenes (i.e., rigidly held helical arrangements of σ-bonds). Some light is shed on the properties of radical cations derived from [3]-and [4]rotanes. While the former adopts C s or C 2v symmetry, the latter retains the D 4h symmetry of the neutral hydrocarbon, according to highlevel computations. Experimental and computational evidence is also presented that the antiaromatic cyclopentadienyl cation is stabilized as a singlet ground state by five cyclopropyl substituents. Yet, the three cyclopropyl groups in tricyclopropylamine do not favor the formation of its radical cation, because they are not in the proper orientation. When this amine radical cation is generated by cobalt γ-irradiation in a Freon matrix, evidence for a significant conformational change is obtained by EPR spectroscopy. Finally, the conformational dynamics of the newly prepared crowded molecules tetracyclopropyl-and tetraisopropylmethane are discussed.
INTRODUCTION
Cyclopropane chemistry has long gained economical importance due to a number of best-selling pharmaceuticals containing cyclopropyl groups. Yet, new cyclopropane derivatives still come along with a flavor of curiosity, just as it was about 120 years ago, when William Henry Perkin synthesized the first cyclopropane derivative [1] . It was sheer curiosity that led him to try out what seemed to be impossible for others, who had advised him not to waste his time on such an endeavor [2] . The frontiers of cyclopropane chemistry have been pushed forward by a long distance since 1884, and modern synthetic methodology has made it possible to deal with the strangest looking molecular aggregates of many cyclopropyl groups that even nowadays may appear impossible or a waste of time to deal with for some practitioners of the chemical sciences. However, cyclopropane chemistry is still intriguing and always coming along with a bonding theoretical aspect (Fig. 1) .
THE FIRST ENANTIOMETRICALLY PURE [n]TRIANGULANES
Even nature makes compounds containing oligocyclopropyl groups with four, and even with five consecutive cyclopropane rings attached to each other [3] . The family of spiro-linked cyclopropane aggregates, the so-called [n]triangulanes [4] , consists of linear, branched, and cyclic arrays [5] . Among them, the linear triangulanes with more than three spiro-linked cyclopropane units display an interesting stereochemical phenomenon in that they are chiral, but with stereogenic centers that have four different alkyl substituents only [6] . This stimulated us to prepare the first [n]triangulanes in enantiomerically pure form and investigate their properties (Scheme 1) [7, 8] .
To start with, bicyclopropylidenecarboxylic acid was deracemized by crystallization of its dehydroabietylamine salt. The absolute configuration of one enantiomer was established as being R by an X-ray crystal structure analysis of its α-phenylethylamide. Esterification, cyclopropanation, diastereomer separation at the stage of the [3] triangulanecarboxylate, reduction, conversion to the bromide, dehydrobromination, and cyclopropanation led to enantiomerically pure [4] triangulane (ee, ≥98 % according to gas chromatography on a chiral phase column) (Scheme 1). The most striking feature of this hydrocarbon, which has no chromophore and is transparent in the UV region down to 200 nm, is its specific rotation of 192.7°at 589 nm. The rotation increases significantly at shorter wavelengths, indicating a quite remarkable amplitude of its Cotton effect, which must lie in the vacuum UV region. These high-specific rotations at all measured wavelengths are very well reproduced by density functional theory computations, applying a full valence space single-excitation configuration interaction (SCI) treatment. This enhances the confidence in the interpretation that the high-specific rotations are due to the rigid helical arrangements of σ-bonds in these triangulanes, as depicted in Fig. 2 . Scheme 1 First synthesis of enantiomerically pure (M)-(-)- [4] triangulane and a comparison of its measured and DFT/SCI-computed specific rotations [7] . (a) BF 3 ؒEt 2 O, EtOH, 78 °C, 2 h; (b) CH 2 I 2 , Zn, DME, ultrasound, 80°C, 2 h; (c) LiAlH 4 A line connecting the methylene groups of the inner spiropentane moieties with one each of the outer rings resembles a mechanical model of the helicity of [4] -, [5] -, and [6] triangulane. The lowest unoccupied molecular orbitals express the same feature. The two lobes are essentially intertwined helices. The calculations predicted an almost twofold value for the specific rotation of [5] triangulane, and this intrigued us to test it experimentally.
Fortunately, three of the four diastereomeric ethyl [4] triangulanecarboxylates obtained by rhodium-catalyzed cyclopropanation with ethyl diazoacetate of either one of the enantiomerically pure 1-methylene [3] triangulanes could be distilled off the remaining one through a high-performance concentric tube column, and the residue in the distillation flask proved-by X-ray crystallography-to be one of two diastereomers that could be used to proceed further (Scheme 2) [8] .
Further elaboration according to the same sequence of transformations as applied toward (M)- [4] triangulane, i.e., reduction of the ester to an alcohol, conversion of the latter to a bromide, dehydrobromination, and cyclopropanation, gave the (P)-and (M)- [5] triangulane, respectively. The specific rotation for the (P)-enantiomer, which was proved to have an enantiomeric excess of ≥94 % by gas chromatography on a chiral column, turned out to be +373°, indeed almost twice that for the corresponding [4] triangulane. The crystal structures of the enantiomerically pure (P)-enantiomer and of the racemic [5] triangulane were both determined by X-ray diffraction. While the molecular structures were-of course-identical, the crystal packing for the enantiomerically pure and the racemic compound were found to be significantly different [8] . Although the enantiomeric purity for the (M)-enantiomer was of the same order as that for the (P)-enantiomer, the specific rotation was about 11 % [7, 8] .
Scheme 2 Preparation and properties of (M)- [5] -and (P)- [5] triangulane [8] .
smaller. This was found to be due to a lower chemical purity of this enantiomer, and thus the value measured for the (P)-enantiomer is the more reliable one. In view of all of their features, one may justifiably consider these triangulanes as being the σ-analogs of the aromatic helicenes and may therefore call them σ-helicenes, while the aromatic congeners should further be called π-helicenes. It would undoubtedly be interesting to prepare the next higher analogs of these [4] -and [5]-σ-helicenes in enantiomerically pure form and test their properties, but in view of the increasing number of possible stereoisomers- [6] triangulane can exist in three enantiomeric pairs, only one of which is a pair of σ-helices [9] -the linear synthesis as exercised for the enantiomerically pure [4] -and [5] triangulane, would be far too tedious and cumbersome. Therefore, a more convergent approach to higher analogs in the series is being developed [10] .
RADICAL CATIONS OF [n]ROTANES
The [n]rotanes are also a class of hydrocarbons that consist of spiro-linked cyclopropane units only, but with a common n-membered ring in the middle [11] . A recent computational study revealed that [3] rotane-which at the same time is a branched [4] triangulane-should have a reasonably low oxidation potential so that oxidation could be brought about by chemical means. A DFT computational study revealed that adiabatic single electron transfer requires 196 kcal/mol [12] and leads to a radical cation that exists in two energetically very similar states (Fig. 3 ). The energetically slightly higher one (1.9 kcal/mol) has C 2v symmetry and a drastically elongated bond in the central ring, the other one with C s symmetry (0.0 kcal/mol) has one of the proximal bonds of the outer cyclopropane rings even more significantly elongated [13] .
The chemical behavior of [3] rotane upon oxidation with cerium ammonium nitrate resembles exactly that property of the radical cation in that it traps the solvent acetonitrile and the nitrate anion with opening of one of these proximal bonds in one of the external cyclopropane rings (Scheme 3) [14] . [3] Rotane and its radical cation according to DFT calculations at the B3LYP/6-311+G**//B3LYP/6-31G* level. Bond lengths in Å. Experimental data (X-ray) for the neutral hydrocarbon in parentheses.
Scheme 3
Selective oxidative bond breaking in [3] rotane. CAN = (NH 4 ) 2 Ce(NO 3 ) 6 .
Oxidation of [4] rotane under the same conditions gave a complex mixture from which no identifiable product could be isolated. This may be taken to indicate that the computational prediction concerning the radical cation of [4] rotane to retain the D 4h symmetry of the neutral hydrocarbon, with no drastic bond elongations as seen in the [3] rotane radical cation, ought to be correct. With 177 kcal/mol, the adiabatic ionization energy is 19 kcal/mol lower than that of [3] rotane [12] . This feature derives from the fact that [4] rotane does not have degenerate highest occupied molecular orbitals (HOMOs), and thus Jahn-Teller distortion cannot occur (Fig. 4) . Even at a reasonably high level of theory (CCSD/cc-pVDZ), the radical cation of [4] rotane is calculated to have significantly shortened bonds in the central four-membered ring and slightly elongated proximal as well as slightly shortened distal bonds in the spirocyclopropane units. Thus, there is no obvious preferred point of attack of a nucleophile that would eventually lead to a preferred ring-opening trapping product.
THE QUEST FOR PENTACYCLOPROPYLCYCLOPENTADIENYL CATION
Cyclopropyl substituents are known to more efficiently stabilize a carbocation than even a phenyl or a vinyl group [15] . The tricyclopropylcyclopropenylium cation, therefore, is the most stable in the series of trialkyl-substituted cyclopropenylium cations, only heteroatom substituents exceed the stabilizing power of three cyclopropyl groups [16] . The pK R+ value of tricyclopropylcyclopropenylium cation (9.47) [16] exceeds that of the triisopropyl derivative (6.4) by three orders of magnitude [16a] . Three and four cyclopropyl groups have been shown to stabilize the cycloheptatrienyl cation tremendously, raising the pK R+ from 4.7 to 8.7 and even 9.1, respectively [17] . It is remarkable that the fourth cyclopropyl group, although necessarily adjacent to one of the other three, still enhances the stability significantly. One may therefore extrapolate that the unknown heptacyclopropylcycloheptatrienyl cation would be even more stable.
With these stabilizing effects on cationic aromatic systems in mind, one would be inclined to predict that five cyclopropyl groups attached to the antiaromatic cyclopentadienyl cation might be able to let the system overcome the instability caused by its antiaromaticity. The parent cyclopentadienyl cation [18] , its pentachloro derivative [19] , and the pentaisopropyl-substituted compound [20] , have all been generated at low temperatures (78 and 115 K), respectively, and shown by electron spin resonance (ESR) spectroscopy to exist as triplet species [21] . The singlet-triplet gap is significantly lowered for the pentaarylcyclopentadienyl cations, especially for those with donor-substitued aryl groups, so that the singlet species become detectable at -40°C [22] . Although only two of the five cyclopropyl substituents around the cyclopentadienyl cation core adopt the proper orientation for their acting as electron donors, as predicted by a simple AM1 calculation, the two exert a unique stabilizing effect according to DFT and Hartree-Fock computations at the BLYP/3-21G and HF/3-21G levels of theory (Fig. 5) [23] .
As opposed to the pentaethylcyclopentadienyl cation, for which the triplet state is 5.6 kcal/mol lower than the singlet state, the singlet of pentacyclopropylcyclopentadienyl cation is more stable than the triplet state by 7.8 kcal/mol (Fig. 5) . The nucleus-independent chemical shift (NICS) values for both systems indicate that five cyclopropyl compared to five ethyl groups lower the antiaromatic character of the system quite significantly, going from a value of +44.3 in the center of the pentaethyl-substituted to +14.8 in the center of the pentacyclopropyl-substituted system [24] .
With the proper choice of conditions, the synthesis of pentacyclopropylcyclopentadiene turned out to be surprisingly simple. Readily available dicyclopropylacetylene [25] can be converted by hydromagnesiation, adopting a protocol of Sato et al. [26] , to 1,2-dicyclopropylethenylmagnesium bromide. This organometallic, when added to methylcyclopropanecarboxylate, only yielded the 1,4-adduct of the initially formed cyclopropyl (1,2-dicyclopropylethenyl) ketone. However, when this Grignard reagent is first transmetallated with cerium(III) chloride to the corresponding ethenylcerium species [27] , clean twofold 1,2-addition of the organometallic to the carbonyl group of methyl cyclopropanecarboxylate occurs, and pentacyclopropylcyclopentadiene is isolated in 64 % yield after workup with aqueous acetic acid (6:1) [28] .
Just like other cyclopentadienes, this new derivative can be deprotonated by treatment with methyllithium in ether, and the lithium cyclopentadienide can be treated with N-chlorosuccinimide to provide pentacyclopropylcyclopentadienyl chloride in 95 % yield (Scheme 4). The latter appears to be an appropriate precursor to the corresponding cyclopentadienyl cation. The new cyclopentadienide could also be trapped with iron dichloride in tetrahydrofuran to yield decacyclopropylferrocene. As a first probe into the cyclopropyl group donating ability in these systems, the oxidation potential of the new ferrocene as well as the octacyclopropyl derivative, prepared analogously from tetracyclopropylcyclopentadiene, were measured and compared to the known values for ferrocene itself and its decamethyl derivative (Fig. 6) [28] . It is evident that 10 cyclopropyl groups are more efficient than only 8 in lowering the oxidation potential of the corresponding ferrocene, and they do so by a larger margin than 10 methyl substituents. However, the electron demand of the iron nucleus apparently is not as large as that of a dichlorotitanium moiety in the corresponding titanocene dichlorides, as evidenced by the significant drop in the oxidation potential on going from decamethyltitanocene dichloride to the octacyclopropyl analog. It will be interesting to see the value for the decacyclopropyltitanocene dichloride as well, but it has not yet been prepared.
Trapping experiments have shown that the pentacyclopropylcyclopentadienyl cation, when generated under solvolytic conditions, survives at least for short times at 0°C. When the cyclopentadienyl chloride precursor was treated with silver tetrafluoroborate in pentane/methylene chloride solution in the presence of methanol, the pentacyclopropylcyclopentadienyl methyl ether with all five cyclopropyl groups intact was isolated in 75 % yield after workup with potassium carbonate [29] .
Ring opening of one cyclopropyl group does, however, occur when the chloride precursor is subjected to chromatography on silica gel, eluting with pentane. This originally attempted purification of the cation precursor gave 1,2,3,4-tetracyclopropyl-(6-chloroethyl)fulvene as orange crystals in 48 % yield. This fulvene, in addition to NMR spectroscopy, was characterized by its UV spectrum as well as its Diels-Alder adduct with dimethyl acetylenedicarboxylate (Scheme 5). In contrast to the chloride, the pentacyclopropylcyclopentadienyl methyl ether is stable in moist air for extended times. This same ether is also obtained in 40 % yield upon quenching the solution prepared by treatment of the chloride precursor with 10 equiv of antimony pentafluoride in SO 2 ClF/SO 2 F 2 solution at -115°C with methanol. The cationic intermediate leading to this methyl ether has not yet been unequivocally identified by NMR spectroscopy, but preliminary results do look promising [29] . Indeed, the pentacyclopropylcyclopentadienyl cation ought to have a good chance to be identified since, according to DFT cal-
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Scheme 4 Synthesis and further transformations of pentacyclopropylcyclopentadiene.
Fig. 6
Oxidation potentials of some metallocenes as a probe for ligand properties [28] .
culations at the B3LYP/6-31G* level using isodesmic equations, as a singlet it is more stable than the singlet pentamethylcyclopentadienyl cation by 29.3 kcal/mol, and also more stable than the singlet pentaisopropylcyclopentadienyl cation by 19.4 kcal/mol (Scheme 6) [23].
An attempted hydride abstraction with trityl tetrakis(pentafluorophenyl)borate in methylene chloride solution at -78 to -50°C or with trityl tetrafluoroborate at room temperature only led to the pentacyclopropylcyclopentenyl cation as its single trans-isomer, just as was observed in the attempted generation of pentamethylcyclopentadienyl cation by hydride abstraction from pentamethylcyclopentadiene [21] . The rather stable pentacyclopropylcyclopentenyl cation is more efficiently generated by protonation of the hydrocarbon with tetrafluoroboric acid in methylene chloride at 20°C. This conversion proceeded cleanly yielding a 4:1 mixture of the trans-and cis-isomers quantitatively (Scheme 7) [29] .
The protonation of fulvenes is known not to occur at the exocyclic methylene group to give cyclopentadienyl cations, but at one of the double bonds of the cyclopentadiene moiety to yield fulvenyl cations [30] . The previously unknown 1,2,3,4-tetracyclopropylfulvene was obtained by condensation of lithium tetracyclopropylcyclopentadienide with formaldehyde, and the structurally even more interesting 6,6-ethano-1,2,3,4-tetracyclopropylfulvene (5-cyclo-propylidene-1,2,3,4-tetracyclopropylcyclopentadiene) by hydride abstraction with trityl tetrafluoroborate from lithium pentacyclopropylcyclopentadienide. While protonation of tetracyclopropylfulvene led to a fulvenyl cation which decomposed above -60°C, the analogous cation obtained from the 6,6-ethano-bridged derivative was completely stable at -50°C for extended times and could be fully characterized by 1 H-and 13 C NMR spectroscopy (Scheme 8) [29] .
TRICYCLOPROPYLAMINE RADICAL CATIONS
With this cation-stabilizing effect in mind, tricyclopropylamine was expected to form a more stable radical cation than triisopropylamine which, in 1991, had been reported to undergo oxidation at a surprisingly low potential to a persistent radical cation (Scheme 9) [31] . At that time, tricyclopropylamine was unknown, and it was not taken into account that three isopropyl groups have a larger planarizing effect on the central nitrogen than three smaller cyclopropyl groups [32] .
In order to test this hypothesis, a synthesis of tricyclopropylamine starting from benzylcyclopropylformamide was designed and successfully executed ductive cyclopropanation previously developed by us [34] . Surprisingly at first sight, the ionization potential of tricyclopropylamine turned out to be 1.26 eV higher than that of triisopropylamine (8.44 vs. 7.18 eV). The reason for that became evident by X-ray crystal and electron diffraction gas-phase structure analyses. Both in the crystal and in the gas phase, tricyclopropylamine is not only pyramidal at nitrogen, but adopts an orientation of all three cyclopropyl groups, which does not allow for electron donation into the developing semi-occupied orbital on the central atom (Fig. 7) .
Even the hydrochloride with its protonated nitrogen has the same orientation of all three cyclopropyl groups [33] .
While it proved impossible to generate the radical cation from tricyclopropylamine by chemical oxidation in solution, it eventually could be identified by electron paramagnetic resonance (EPR) spectroscopy after cobalt γ-irradiation of a freon matrix at -196°C. The unique feature was that an isotropic spectrum could only be observed upon warming the matrix to a temperature of -148°C, which is very close to its softening point.
This was taken as an evidence that a major conformational change has to occur on going from the neutral amine to the radical cation, and this can only happen when the matrix is soft enough. In fact, according to calculations (Fig. 8) , the tricyclopropylamine radical cation is completely planar at nitrogen with the three cyclopropyl groups in a perfectly bisected orientation with respect to the axis of the semioccupied orbital on nitrogen. Thus, all three cyclopropyl groups around nitrogen in the neutral have to undergo internal rotation by 90°while nitrogen is flattening upon single electron removal [35] . 
CONFORMATIONAL DYNAMICS IN TETRACYCLOPROPYL-AND TETRAISOPROPYLMETHANE
Exactly the same behavior would be predicted for tricyclopropylmethane and its transformation to the tricyclopropylmethyl cation. Indeed, a crystal structure analysis revealed that tricyclopropylmethane has C 3v symmetry in the solid [36] , and undoubtedly tricyclopropylmethyl cation would have a trigonal planar coordination around the central carbon with all three cyclopropyl groups in a bisected orientation [15] .
However, the orientation of the three cyclopropyl groups in tricyclopropylmethane cannot be maintained, when a fourth cyclopropyl group is attached to the central carbon. Tetracyclopropylmethane, however, had not been reported before, and thus a synthesis had to be designed. Starting from ethyl 3,3-dicyclopropylacrylate, tetracyclopropylmethane was eventually prepared in six steps with an overall yield of 23 %. In the crystal, the molecule does indeed adopt an S 4 symmetric shape (Fig. 9) [36] .
The interesting dynamic behavior of this molecule was eventually disclosed by 13 C NMR spectra taken at -165 and -180°C [37] .
The conformational changes, which are slowed down at -165°C, convert states T3 1 via T6 2 and T6 3 into T3 3 and alike. This occurs, as derived from a complete line-shape analysis, with a free energy of activation of 4.5 kcal/mol (Fig. 10) . Tetracyclopropylmethane also served as a precursor to the even New structurally interesting cyclopropane derivatives 559 Fig. 9 Structures of tricyclopropylmethane and tetracyclopropylmethane in the crystals [36] . more highly crowded tetraisopropylmethane. Catalytic hydrogenation of tetracyclopropylmethane over platinum oxide in acetic acid occurred remarkably smoothly and selectively with a quantitative yield of tetraisopropylmethane [36] . In the crystal, tetraisopropylmethane has C 2v symmetry with two pairs of isopropyl groups facing each other (Fig. 11) . The dynamics of this molecule was revealed by studying the temperature dependence of its 1 H NMR spectrum down to -115°C. A minor conformer was clearly detected at this low temperature with a proportion of 6.5 %, and a complete line-shape analysis revealed a free-energy barrier to conformational changes in this molecule of 9.7 kcal/mol [37] .
